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» INTRODUCTION

Electromagnetic (EM) railguns use either a plasma armature or a solid
metallic armature. The plasma exists at the base of the projectile and provides
a base pressure type of drive. A simpie solid armature permits the current to

cross at its rear face. Thus. in an unaugmented railgun, J x B body forces can

- 4 -~

produce a base-driven modé, similar to standard propellant-driven guns.

o

The use of augmenting magnetic fields provides a field in forward parts of

the armature. Use of axially graded resistivity can distribute current

- - ow

throughout the armature. The combined effect is to distribute J x B forces

throughout the armature structure, which can substantially reduce launch

stresses. The net effect is to permit larger projectile masses and accelera-

tions than can be accommodated in the base-driven mode.

d Projectile base-drive must then be treated as the baseline or minimally

acceptable mode of launch. More generally, base-drive can be thought of as

plane-drive where the projectile is driven at a single plane. Regions forward

¢ of the plane experience compressive stresses and regions rearward experience
tensile stresses. In this report, we provide an analysis of the base-driven

¥ mode, and describe advantages inherent in body force loading of EM launched pro-
jectiles. It should be noted that results for base-driven projectiles also

' apply to double length, double mass, center plane-driven projectiles whose rear

tensile region is a mirror image of the forward compressive region.

Usually, a penetrator is a long rod. For a given acceleration, there is a
maximum rod length f,, that can be base-driven without achieving compressive
failure at the rod base. Adding length to the base requires that additional
support material be provided to prevent compressive failure. The simplest treat-

! ment is to provide surrounding material that drives the added central rod by
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shear at its cylindrical surface, and is itself driven by axial compressive
uﬁ. force at its annular base area beyond the rod radius (see Figure 1). The

compressive force is such as to cause incipient compressive failure in the sup-

;ﬁﬁ port material. This provides a least mass solution. The added mass can be a
:§? monolithic continuation of the rod material or can be lightweight high strength
O

- sabot material.

o

:;a The following solution treats rod and support material as separate types,
35; with the monolith being the trivial case of equal properties. The objective of
ot

}r the solution is to determine the ratio of parasitic support mass to penetrator
[ mass, or, as commonly displayed, the ratio of total in-bore mass to penetrator
:&% mass.

Yoa?

. This memorandum report describes a preliminary study of the question of
::E launching weapon grade projectiles at the higher velocities attainable with EM
55? railguns. As a design condition, we will assume that a projectile, having 16 MJ
'; of muzzie energy, was launched with a maximum acceleration of 150,000 G'Ss.

D)

§% We will approach this study by first looking at the worst case condition of
Sﬂ a base-driven penetrator whose sabot is made of the same material as the

%3 penetrator. Next, we will consider modern penetrator technology where the sabot
%é? is constructed from lightweight aluminum alloy with high specific strength and
.

g*: is designed to more appropriately distribute launch stresses. Examples of such
.; rounds include the XM833 and XM774 penetrator rounds for the 105-mm cannon. We
o

'23 will also consider the case in which the sabot is an integral part of the

'éi penetrator by relaxing the normal rod-like shape of the penetrator without con-
‘W; sidering the efficacy of penetration by such projectiles.

: 2 Finally, we will examine the differences in launch behavior of an EM round
;,E which, in the case of a solid armature drive, is not base-driven. The driving
Y.
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: g force or stress in an EM projectile is proportional to the current distribution
25; through the sabot/penetrator, and proper distribution can significantly reduce
- launch failure of penetrators.
j‘j This report is not intended to answer the question of weaponizability of EM
g:? launchers for a specific application. That is a larger question involving not
:;i only the launchability of projectiles, but the penetrability of such projectiles
=ﬂ3‘ and the considerations of size and mass of the launcher system.
::t':'
e
’1'..«‘. THEORETICAL ANALYSIS
ksr Base-Driven Projectiles

Consider the idealized penetrator/sabot configuration shown in Figure 2.
‘Es The unsupported penetrator length, f,, has a mass m(2,5) equal to
:, m(2o) = pAgl, (1)
g{. where p is the density of the penetrator material. For a base-driven penetra-
Lt
}?}. tor, the failure stress, Ty, of the penetrator material limits the maximum
s‘; acceleration, apay. that the material can tolerate without failure, i.e.,
ik Acoy = m(2o)amax = PAolo2max (2)
32! In order to increase the penetrator length beyond f,, we must support each
;)' additional segment which increases the force appropriately. Note that at the
L)
.ﬁg maximum acceleration, the increased force supports only the increased mass due
?f' to the sabot and penetrator length. If the sabot material properties are den-
5;% sity p' and yield strength oy', then the additional mass is
$$$ dm = np'r2de + n(p-p')rotde (3)

and the incremental force required to accelerate this mass is obtained from the

condition that the additional mass must have the same acceleration as the core,

e

-

i.e.,

M 3
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¥
"::: which immediately determines the value of r'

y r' = (oy/oy')ro (5)
A‘,".

::*‘ Using Eqs. (2) through (5), we can show

- "'
A '

Tgc ]! de = 2200y’ !r _____ rdr___. (6)
) 2, S r! r2p' + Apryt

i

! . .

'::': obtaining finally

ey o

KM Y 4p . Ap

! rz = (=f; + =5)rg? exp[b(r-1)] - =5 rg? 7
;.f‘ (oy' 3 )ro plb(r-1}] st Mo (7)
'::.':: where

o \ oy . _ ¢ 1

"t Ap=p-p'; SeE-L; =z A= =-

i P ; o
:“fl‘

5 We may now calculate the mass increase using €gs. (2) and (7) obtaining

AW
o m(1) t oy 4 A
"o ¢y dm = nr,?2 (-Yv + 2%)ex [b(ar-1 - 3000 4 tpide

'\: fm(lo) o I’o“ay priexpl )1 - p*le }

DL
' and finally obtain the ratio of the total mass My tc psnetrator mess Mp of

[ |

5 (A1)

P My A o(A-1) | p-:

) o = (b+ 2882 20 (8)
::::: Mp p bA

"..o!
_)._ For the case where the sabot and penetrator are cf the same material,

y4
! A-1
oy L (9)
.."‘ MP - A
o

@ Figure 3 is a plot of the growth factor MT/Mp for actual penetrator and sabot
;‘n'.
.l” materials. Curve A represents the worst case solution for a projectile having
R the sabot made from penetrator material (Eq. (9)). Curve B is obtained using
R

Q. the specific strength of either depleted uranium or tungsten alloy penetrators
Wy

4".
::::E: and aluminum alloy sabot materials as calculated from actual stress-to-failure
L}

(%

il

¢ AN A AN RSN I b ter 1y i DEANDNEE SO
ORORBELI IR NN LT \.q'ljuh\,c"l‘v.!‘f.*,eh.n LR N AN ST



data for tensile tests (ref 1). Curve C is obtained by increasing those
stresses by 50 percent to allow for the additional failure strengths in
compression. Curve D represents the case of sabotless penetrators as described
for the idealized EM launch below. Such a projectile can also result from
defining the total mass as penetrator in Eq. (9) and whose radius i§ determined

from Eq. (7). Figure 4 shows such a projectile.

Ideal EM Launch

It must be realized that since the Lorentz force, F = J x B, is the driving

force for EM launch, by properly designing the sabot/armature, a greatly
improved distribution of launch stresses can be made along the total length of
the projectile. Of course, the penetrator could act as its own armature;
however, this is not always a practical solution with respect to other EM launch
criteria such as saboc/armature resistance and the desirability of injecting the
launch package into the railgun at some finite velocity. The final con-
figuration of an EM launch projectile will probably have an armature/sabot which
will provide a desirable current path as well as provide some initial base drive
from an expansion gas. This configuration is being considered in Benet
Laboratories EM Hybrid Expansion Railgun demonstrator program. Thus, the curve
representing a real weaponized EM penetrator projectile will lie somewhere

between curves B and D.

T, a. Scavullo, J. H. Underwood, and J. J. Zalinka, "An Acceptance Test Method
for Materials Used in Kinetic Energy Projectiles,”" ARDEC Technical Report
ARCCB-TR-86031, Benet Weapons Laboratory, Watervliet, NY, September 1986.




(A
gg‘ Shear Force Considerations
g" . . : ’
Jd} what is the maximum shear stress developed in supporting the additional
o penetrator length f - t,? The force Fj that must be provided is
U 4
Lo Fa = [Mp - Mp(2,)]a
.kﬁt A= [Mp p(2o)Jamax
“ %
D) = mpro2(2-125) b1 = nroaay(k—]) (10)
e °
KR .
" Thus, the average shear stress is
a0
L
oo T = _fa . nroZoy(A-l) . % (11)
\,-.i. Ashear 21”'0(!“0) 2!0
:ﬂ
uj which must be supported by the material (either sabot or penetrator) having the
o
.b?' lowest shear strength.
®
12 Specific Example of Base-Driven Penetrator/Sabot
.r:';
. Assume a mass ratio My/Mp = 2. From Figure 3 we can take the conservative
LA
} value A = 6. The unsupported length f, is calculated from Eq. (2) assuming a
;f ] max mum acceleration of 1.5 x 10% G's as
)
’% } p
"
O fa = -=~=- = 5 ¢cm
?2. © 7 papax
) | .
e where oy = 200 Ksi tensile yield strength and p = 19 g/cm3. Thus, the total
)
)
; N length, 2, of the projectile to the end of the support is 30 cm. From reported
¢
Ay penetration data (ref 2), we <an assume ¢/D = 20, then D = 1.5 cm. The penetra-
[ ]
nby tor mass is
‘ ]
e,
]
DY) 2
) Mo = PTDZE 1 kg
'l. 4
\
Q.
f 2 and
¥
a'. o S
:«; 25, E. Hauver and A. Melani, "Penetration by Very Long Rods," BRL Technical

.

39 Report BRL-TR-2666, Baliistic Research Laboratory, Aberdeen Proving Ground,
] MD, August 1985,
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MT = 2 kg

The average shear stress at the sabot/penetrator interface is calculated from

Eq. (11) and is

TAV = 45,000 psi
which is comparable to current practice. The sabot radius at the projectile
rear is given by Eq. (7), and for the above case is 28.5 mm.
This projectile is thus a 57 mm diameter round weighing 2 kg with a 15 mm
diameter penetrator of 30 cm length. The muzzle velocity for 16 MJ launch

energy is 4 km/sec.

CONCLUSIONS

The shapes and masses of base-driven saboted projectiles with rod-1like
penetrators have been determined. The case of sabot properties equal to
penetrator propertiec produces a projectile that is unacceptably heavy for use-
fu)l large caliber rod lengths. However, treated as a monolith, wherein the
sabot and penetrator are integral and both comprise the flight projectile, a
reasonably slender exponential cone-like form results.

For penetrators driven by aluminum sabots with an My/Mp ratio of approxi-
mately two, A approaches 7 using a compressive yield strength 1.5 times the ten-
sile yield strength. Assuming M7/Mp = 2 as a useful upper limit means that
tungsten penetrators are limited to about 7 £, = 50 cm and uranium penetrators
to about 40 cm for the case of aluminum sabot pure base-drive. Shear strengths
required for the coupling from sabot to penetrator appear adequate for these
projectiles at L/D's of interest at 150,000 G's.

Launching of longer penetrators by aluminum sabots would require staging,
i.e., multiple drive zones along the penetrator with each zone shorter than the

7 15 length above to keep My/Mp € 2. It should be noted that each stage can
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also accommodate an additional unsupported length of penetrator f,, trailing the
sabot supported zone. This length represents the maximum Tength that can be
pulled without tensile failure at its forward plane. It is equal in length to
the f, discussed in the text if penetrator compressive and tensile strengths are
equal.

With introduction of the concept of staging, we begin to move away from the
condition of pure base-drive into the realm of penetrator distributed-drive. An
area that needs investigation and promises great benefits is the development of
3 X é body forces within the penetrator. These may provide only a part of the
acceleration force to ease the sabot loading. In the ultimate design case, a
sabotless penetrator would find each portion of its volume accelerated by a uni-
form 3 X é body force, and no significant internal stress would be created.

This would most likely represent a design inefficiency, and some compromise
between internal stresses and the applied body force distribution would more
equally work all the material capabilities. This type of system can be met with
a sabot of graded resistivity and augmented magnetic fields which provide flux
at the front of the projectile.

Finally, we conclude that, using current technology, a penetrator/sabot can
be readily designed to withstand the stresses generated by launching a 2 kg
penetrator/sabot projectile with peak acceleration of 1.5 x 10¢ m/sec? with a
rail launcher. Thus, the weaponization of EM launchers of this magnitude will
be determined by consideration of utility at the target (penetrability of
target, etc.) and the railgun system's efficiency (size, weight, mobility,
etc.), not by launchability. The program at Benet Laboratories is focused on
the latter considerations through the Hybrid Expansion Railgun and

Superconducting Augmented Railgun studies.

1t Uy W T T W P A L T AT P T T e OO O RO R W e W .
f‘t‘?l.v""'.‘ﬂ“'-f'."g":“'l"“’fl'-"'éﬂ'f‘"-.*'~‘4‘«?l"f‘°c"'i’i'x'4': "'..i":..\*a!l’vmpfi'a,i 9,l'.th‘:“"‘.‘o"'l';?"s.'t"'.,0‘), RSN U U, o'y AILRIR DO RN R

]

(]
o?l‘




REFERENCES

)
:; 1. M. A. Scavullo, J. H. Underwood, and J. J. Zalinka, "An Acceptance Test

- Method for Materials Used in Kinetic Energy Projectiles,” ARDEC Technical
Report ARCCB-TR-86031, Benet Weapons Laboratory Watervliet, NY, September
1986.

2. G. E. Hauver and A. Malani, "Penetration by Very Long Rods,"” BRL Technical
Report BRL-TR-2666, Ballistic Research Laboratory, Aberdeen Proving

i) Ground, MD, August 1985.

TLAPORE AN l l I i) (%) ACAOBOIOON, & "y
ORI ' Al " 3 '. ' t‘ ."’ "."' n‘ ';' B IO OO X0 Sk, ‘0 ACAUN .’!’v‘f‘n‘:" ". UG “ ‘W« .‘5"0.0'0. W, 't' AN .u'.'o' W '."‘.‘ e '.' ."‘:t“.t":O":o'



SHEAR COUPLING
TO PENETRATOR

}COMPRESSION DRIVE AT oY

fo ——"'f‘df -
ROD SUPPORT METHOD

SABOT

X2
7\
N\\;

FIGURE 1

PENE TRATOR—

N _
ATl gy
MESE AT

A )
T e

el R e TN T T L T vt g ( i
;e USRI ‘.:.'-."‘;5;3;;” MO UL OGO MU OO N ML MU0 o\ $ORL IO .
i ) ) L0 RN NP LY LIRS ALK AL 'r‘.‘_\‘; : ",;‘m AN ),? TR -"»,l u,".:"r,"‘o."a}a‘ 30D
. S Fau T et Ty y

1%




B I . P,
- W

A

N

...l -

RS

Y\
|

* Yo
Ko

IDEALIZED PENETRATOR/SABOT CONFIGURATION FOR ANALYSIS

.
v (@) o~
4
w
K] < o
A =2
" 3
¥
¥ ™
0
q
L]
.
»
[
)
)
\
L)
L]
]
) 1

-
-

'
.

U

AAAN R R P T G E S S T
5 e e

l-y]‘.l"“* ‘q‘l“l.g“'l ‘ "‘ w,. &.‘ ; .“ 3 'H " ,""k ; ° ’ ‘ . .'. e o % $| X M o ue
R UUOROUE BN PN U AW SO OO, i ot ALADALA O UNVL LY, 51 0.‘.’.“.01 Jn..‘»..h“! W, "n"



rmm---. - ——— ___1

. 9.0}
! 8,0 |

70 F PENETRATOR & SABOT
SAME MATERIAL

44 mr A
B 6.0 Mp A

s .r‘ S.O =~

Mr/Mp

i RANGE OF DU (OR W)
ok PENETRATOR WITH
. Al AlIOY SABOT

° 20F

IDEAL EM LAUNCH &
O~ [ SABOTLESS PROUJECTILE

1
‘! 1.0 2.0 3.0 4.0 Y, 5.0 6.0 7.0
/{ = /‘eo

.:o.

)':‘

“y

[

N FIGURE 3. MASS GROWTH FACTOR Mg/Mp VS. A
0 12

0, i DRG]

T W WO BAGAOA0S
. .c ‘1 ‘\‘ "Q 0 l :‘t NI a'.A.‘_(“"‘ﬂ".!"-_!“ oty l.'.¢‘|‘ll. I



—_—

WOLYYLINId Sy Q3INI33Q SI SSVW IYL0l 3ISOHM 37112300¥d ¢ 3YN9I4

WG =04
8y e =SSt 8y Loy
NILSHVNL waz LY

wo%y

sg of G2 o4 S/ o/ s o

q // --x #

§.\0Q —

L {J\m séL
d3AI1Y FY0H HI...u\.u..\
@ (P
(1-%)

2z A=)
g's:T/7 WH3NID 77

- D‘l

13

[P

AR

R, PR ‘.r."!, AN l.',‘!‘ 4 ’\‘ !
. ALY .

W “c’,!‘



ot TECHNICAL REPORT INTERNAL DISTRIBUTION LIST

.‘..'

e NO. OF
o COPIES
Wy CHIEF, DEVELOPMENT ENGINEERING BRANCH

4# ATTN: SMCAR-CCB-D 1
i A :
::: -0C 1
. -DM 1
I -DP 1
;:C: -DR 1
R -DS (SYSTEMS) 1
l": .

R CHIEF, ENGINEERING SUPPORT BRANCH

ot ATTN: SMCAR-CCB-S 1
. -SE 1
&
» CHIEF, RESEARCH BRANCH

;a ATTN: SMCAR-CCB-R 2
o -R  (ELLEN FOGARTY) 1
g -RA 1
-RM 1

- -RP 1
) -RT 1
J f'

o TECHNICAL LIBRARY 5
Wt ATTN: SMCAR-CCB-TL

o TECHNICAL PUBLICATIONS & EDITING UNIT 2
p ATTN: SMCAR-CCB-TL
e DIRECTOR, OPERATIONS DIRECTORATE 1
o ATTN: SMCWV-0D
o DIRECTOR, PROCUREMENT DIRECTORATE 1
o ATTN: SMCWV-PP

. DIRECTOR, PRODUCT ASSURANCE DIRECTORATE 1
. ATTN: SMCWV-~QA

o
<3
L
By,

[}

v ]

Vg
o
)
I; NOTE: PLEASE NOTIFY DIRECTOR, BENET LABORATORIES, ATTN: SMCAR-CCB-TL, OF
o ANY ADDRESS CHANGES.

W

[R)

)

)

-

Ve

.:'

@

AU A PR PO O g N IO O NI 90 X 3 MO ML O MO 00 W MO DO MR N MO M O M O]
".v'".' e Rt 'g' U ,"‘;- "J" l\"e" ".u '.‘.'-:" ﬁ"‘u" 12 '.5”:1'""' t"'e"Au"'.-"..c’f.- ot "‘.'"‘ .‘.!"‘l"."'“ﬁ"J'..’.. .".

R LA S [}



O
::l'.\..: TECHNICAL REPORT EXTERNAL DISTRIBUTION LIST
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N COPIES COPIES
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PO ASST SEC OF THE ARMY COMMANDER
.:;::: RESEARCH AND DEVELOPMENT ROCK ISLAND ARSENAL
He ATTN: DEPT FOR SCI AND TECH 1 ATTN: SMCRI-ENM 1
. THE PENTAGON ROCK ISLAND, IL 61299-5000
:k's'; WASHINGTON, D.C. 20310-0103
ol DIRECTOR
o ADMINISTRATOR US ARMY INDUSTRIAL BASE ENGR ACTV
e DEFENSE TECHNICAL INFO CENTER ATTN: AMXIB-P 1
S ATTN: DTIC-FDAC 12 ROCK ISLAND, IL 61299-7260
. CAMERON STATION
At ALEXANDRIA, VA 22304-6145 COMMANDER
e US ARMY TANK-AUTMV R&D COMMAND
‘o COMMANDER ATTN: AMSTA-DDL (TECH LIB) 1
e US ARMY ARDEC WARREN, MI 48397-5000
i ATTN: SMCAR-AEE 1
L SMCAR-AES, BLDG. 321 1 COMMANDER
U, SMCAR-AET-0, BLDG. 351N 1 US MILITARY ACADEMY 1
B8 SMCAR-CC 1 ATTN: DEPARTMENT OF MECHANICS
w3 SMCAR-CCP-A 1 WEST POINT, NY 10996-1792
o SMCAR-FSA 1
el SMCAR-FSM-E 1 US ARMY MISSILE COMMAND
. SMCAR-FSS-D, BLDG. 94 1 REOSTONE SCIENTIFIC INFO CTR 2
SMCAR-MSI (STINFO) 2 ATTN: DOCUMENTS SECT, BLDG. 4484
oy PICATINNY ARSENAL, NJ 07806-5000 REDSTONE ARSENAL, AL 35898-5241
[
, DIRECTOR COMMANDER
. US ARMY BALLISTIC RESEARCH LABORATORY US ARMY FGN SCIENCE AND TECH CTR
P, ATTN: SLCBR-DD-T, BLDG. 305 1 ATTN: DRXST-SD 1
By ABERDEEN PROVING GROUND, MD 21005-5066 220 7TH STREET, N.E.
SO CHARLOTTESVILLE, VA 22901
i DIRECTOR
3 US ARMY MATERIEL SYSTEMS ANALYSIS ACTV COMMANDER
T, ATTN: AMXSY-MP 1 US ARMY LABCOM
L] ABERDEEN PROVING GROUND, MD 21005-5071 MATERIALS TECHNOLOGY LAB
;:;::; ATTN: SLCMT-IML (TECH LIB) 2
‘ COMMANDER WATERTOWN, MA 02172-0001
R HQ, AMCCOM
e ATTN: AMSMC-IMP-L 1
Y ROCK ISLAND, IL 61299-6000
AN
A
L
;“':-., NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING
A CENTER, US ARMY AMCCOM, ATTN: BENET LABORATORIES, SMCAR-CCB-TL,

N WATERVLIET, NY 12189-4050, OF ANY ADDRESS CHANGES.
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! TECHNICAL REPORT EXTERNAL DISTRIBUTION LIST (CONT'D)

NO. OF NO. OF
COPIES COPIES

)

: COMMANDER COMMANDER

' US ARMY LABCOM, ISA AIR FORCE ARMAMENT LABORATORY

! ATTN: SLCIS-IM-TL 1 ATTN: AFATL/MN 1

2800 POWDER MILL ROAD EuLIN AFB, FL 32543-5434
ADELPHI, MD 20783-1145

. COMMANDER

1S COMMANDER AIR FORCE ARMAMENT LABORATORY

i US ARMY RESEARCH OFFICE ATTN: AFATL/MNF

. ATTN: CHIEF, IPO 1 EGLIN AFB, FL 32542-5000 1
. P.0. BOX 12211

4 RESEARCH TRIANGLE PARK, NC 2T7709-2211 METALS AND CERAMICS INFO CTR

" BATTELLE COLUMBUS DIVISION

" DIRECTOR 505 KING AVENUE

» US NAVAL RESEARCH LAB COLUMBUS, OH 43201-2693 1
% ATTN: MATERIALS SCI & TECH DIVISION 1

: CODE 26-27 (DOC LIB) 1

; WASHINGTON, D.C. 20375
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: NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING
" CENTER, US ARMY AMCCOM, ATTN: BENET LABORATORIES, SMCAR-CCB-TL,
¢ WATERVLIET, NY 12189-4050, OF ANY ADDRESS CHANGES.
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